Introduction
18 F-fluorothymidine (FLT) has been proposed as a promising new positron emitting radiopharmaceutical that can be used adjunctively to 18 F-fluorodeoxyglucose (FDG) for positron emission tomography (PET). While FDG PET evaluates glucose metabolism, FLT PET assesses the proportion of cells undergoing active proliferation.
Because changes in cellular proliferation within a tumor can occur before a change in glucose metabolism or the size of the lesion, several research groups have postulated that FLT PET imaging might be a more accurate means for monitoring response to therapy than conventional imaging or FDG PET [1, 2] . However, recent clinical studies in high-grade non-Hodgkin's lymphoma, breast cancer, and rectal cancer [3] [4] [5] have shown mixed success and suggest that the utility of FLT PET for this application is dependent on tumor type. A commonly described pitfall is that the degree of FLT uptake is often low, thus limiting the usefulness of FLT PET in these tumor types [4] .
Using an in vitro model, Seitz et al. [6] demonstrated FLT uptake in SW-979 and BxPc-3 pancreatic cancer cell lines, predicting that pancreatic cancer may be clinically imaged using FLT PET. To date, there has been no published data describing the use of FLT PET in clinical patients.
The aim of this study was to evaluate the potential of FLT PET/CT for imaging pancreatic adenocarcinoma by assessing the intensity of radiotracer uptake and detectability of the primary tumor and to compare these with FDG PET/CT images.
Materials and methods
The study was performed with prior approval from the Investigational Review Board (IRB) at Stanford University Medical Center.
Patient population
Five patients (four males, one female; 67-85 years old, mean 77.4) who were newly diagnosed with unresectable pancreatic cancer and who consented to FLT PET/CT and FDG PET/CT scanning were prospectively enrolled in the study ( Table 1 ). The diagnosis of pancreatic adenocarcinoma was confirmed in each case by histopathological analysis obtained either by bile duct brushing (one patient), fine needle aspiration (three patients), or laparotomy (one patient). All scanning was performed before any therapeutic intervention. Scanning 18 F-fluorothymidine was synthesized as previously described [7] . The tracer dose ranged from 5.23 to 7.0 mCi. Patients did not have any dietary restriction before FLT injection. Acquisition of images commenced at 40 to 78 min after the injection of tracer, with total acquisition time ranging from 30 to 35 min, depending on the height of the patient.
Unit doses of FDG were supplied by PETNET Solutions (Palo Alto, CA, USA). The tracer dose of FDG ranged from 11.6 to 19.1 mCi. All patients fasted for greater than 8 h before imaging. Acquisition of images commenced at 56 to 73 min after injection of tracer with acquisition time ranging from 30 to 35 min, depending on the height of the patient.
For both FLT and FDG PET/CT, all patients were scanned on either a GE Discovery LS PET/CT scanner or GE Discovery ST PET/CT (GE Medical Systems, Waukesha, WI, USA). PET images were acquired using 2D mode, 6-7 bed positions, 5-min duration each bed position, scanning from mid-skull to mid-thighs. A non-contrast CT was performed concomitantly with each PET acquisition for anatomical localization and attenuation correction. PET, fusion PET/CT, and CT images were displayed in 4.25-mm slices.
With the exception of patient 1 (Table 1) , FLT and FDG PET/CT scanning was performed within 5 days of each other, with FLT performed first in patient 2 and FDG performed first in patients 3-5. In patient 1, the FDG PET/ CT was performed 33 days after FLT PET/CT because of scheduling conflicts.
A contrast-enhanced CT was performed in addition to the above-described PET/CT for each patient. Patients 1, 2, and 5 (Table 1 ) underwent contrast-enhanced CT imaging at another medical facility and the images were reviewed from a DICOM compact disc provided by the patient. For patients 3 and 4 (Table 1) , the contrast-enhanced CT images were acquired at Stanford on a Siemens Somatom Sensation 64 (Siemens Medical Solutions USA Inc., Malvern, PA, USA) and on a GE Lightspeed 16 (GE Medical Systems, WI, USA). In patients 1, 2, 4, and 5, contrast-enhanced CT images were performed within 4 weeks before FLT PET/CT scanning. In patient 3, contrastenhanced CT was performed 4 weeks after FLT PET/CT.
Image analysis
A board-certified Radiologist specialized in abdominal imaging recorded bi-dimensional measurements of the primary pancreatic tumor judged from transaxial slices on contrast-enhanced CT images. All FLT and FDG PET/CT images were reviewed by a board-certified Nuclear Medicine physician who is experienced in PET interpretation. Contrast-enhanced abdominal CT, non-contrast enhanced CT (performed in conjunction with PET imaging), attenuation-corrected PET, and fusion PET/CT images were available and reviewed simultaneously for each patient.
Visual interpretation of the primary cancer site was based on three primary factors: (1) intensity and (2) focality of radiotracer uptake and (3) whether the lesion could be adequately discriminated from background activity in the surrounding tissue. Primary lesion detectability was graded on a simple binary scale as either + (tumor was detectable) or − (tumor not detectable).
Semi-quantitative SUV analysis involved drawing a region of interest (ROI) at the most intense portion of the tumor and measuring the standardized uptake value (SUV) [8] . If the tumor was not easily distinguishable on FLT or FDG PET/ CT alone, then the contrast-enhanced CT was used to help localize and draw a suitable ROI at the tumor site.
Results
The bi-dimensional sizes of the primary lesions as measured from contrast-enhanced CT are listed on Table 1 . The smallest lesion measured 2.5×2.8 cm and the largest measured 3.5×7.0 cm.
The SUV for FLT uptake at the primary tumor ranged from 2.1 to 3.1 (Table 1) . By visual interpretative criteria, the primary lesion was distinguishable in 2 of 5 cases (40%). However, in all cases, correlation with fusion PET/CT was absolutely necessary for identification of either the cancer or the tumor bed. This was because lesion detectability was hampered not only by relatively low FLT uptake at the primary site, but also because of prominent tracer uptake in adjacent bowel and stomach (Fig. 1) . In patient 5, the cancer was photopenic relative to adjacent bowel and was very difficult to identify even with the aid of fusion PET/CT and a correlative contrast-enhanced CT. Representative images from all five patients are shown in Fig. 2 .
FDG uptake was higher than FLT in each patient and the SUV ranged from 3.4 to 10.8 ( Table 1 ). The lowest SUV was noted in patient 3. The primary lesion was detectable in 5 of 5 cases (100%) by visual interpretation. Further, correlation with fusion PET/CT images was necessary in only patient 3 for identification of the primary cancer. The cancer was otherwise easily detectable on attenuation corrected PET images alone in patients 1, 2, 4, and 5.
Discussion
In these selected patients with locally advanced and relatively large primary pancreatic tumors, FLT exhibited low levels of tumor uptake. Tracer activity in the primary tumor could be differentiated from background tracer activity in only patients 1 and 4 (Fig. 2) . All patients required careful correlation to fusion PET/CT to identify the tumor bed and primary cancer site. The findings of this pilot study suggest that FLT PET/CT is not useful for diagnosing pancreatic adenocarcinoma and would likely serve as a poor baseline scan for subsequent follow-up imaging when monitoring therapy.
By comparison, FDG PET/CT exhibited better tracer uptake in all patients and primary lesions were distinguishable from surrounding tissue in all patients. However, FDG uptake was variable with the lowest tracer uptake seen in one of the largest tumors (patient 3, Table 1 ). This was possibly due to the histology of the cancer being a moderately differentiated adenocarcinoma. Prior authors have described the potential utility and pitfalls of characterizing primary pancreatic cancer using FDG PET [9, 10] describing mixed success in various clinical scenarios. The highly selected patient population in this study precludes any analysis of the ability of FDG PET to detect, characterize, and stage pancreatic adenocarcinoma. However, the findings do suggest that in locally advanced unresectable disease, FDG PET/CT may have some potential to serve as a baseline scan for follow-up imaging. Fig. 1 Background abdominal activity on FLT PET (top row) and PET/CT fusion (bottom row) from patient 3. Primary pancreatic tumor was difficult to distinguish from physiologic activity because of the combination of modest FLT radiotracer uptake in the cancer (red arrow) and prominent background activity in bowel (green arrows)
Our study does not attempt to elucidate the mechanism of poor FLT uptake in pancreatic adenocarcinoma, but several salient factors should be considered. FLT transport and uptake is not entirely dependent on the activity of thymidine kinase 1 (TK1) alone, but ATP may also act as an important cofactor [11, 12] . The primary cancers in this study were all of moderate size or greater, and there may have been a paucity of available ATP leading to suboptimal modulation of TK1. Further, FLT follows biphasic tracer kinetics with rapid initial cellular accumulation followed by a slower phase, during which efflux of FLT may predominate [13] . All FLT PET/CT scans in this study were performed at a single delayed time point after injection of radiotracer that may not have coincided with the plateau of FLT accumulation.
Conclusion
In this pilot study of five patients with advanced primary pancreatic adenocarcinoma, FLT PET/CT scanning showed poor lesion detectability and relatively low levels of radiotracer uptake in the primary tumor. The findings suggest that FLT PET/CT is not promising for primary detection or characterization of pancreatic adenocarcinoma and may serve as a poor baseline scan for subsequent follow-up imaging when monitoring therapy. 
